Mon. Not. R. Astron. Soc. 000, [JHTT] (2008) Printed 22 July 2009 (MN WI^ style file v2.2) 



On the role of the post-starburst phase in the build-up of 
the red-sequence of intermediate redshift clusters 

Gabriella De Lucia^'^*, Bianca M. Poggianti^, Claire Halliday^, Bo Milvang- Jensen^ 
Stefan NoU^, Ian Smail^, Dennis Zaritsky^ 

, ^ INAF - Astronomical Observatory of Trieste, via G.B. Tiepolo 11, 1-34143 Trieste, Italy 

• ^ Max-Planck-Institut fiir Astrophysik, KarlSchwarzschild-Str. 1, D-85748 Garching, Germany 

' ^INAF - Astronomical Observatory of Padova, Vicolo dell'Osservatorio 5, T35122 Padova, Italy 

'^INAF, Astronomical Observatory of Arcetri, Largo Enrico Fermi 5, T50125 Firenze, Italy 
, ^ Dark Cosmology Centre, Niels Bohr Institute, University of Copenhagen, Juliane Maries Vej 30, DK-2100 Copenhagen, Denmark 
' ^ The Royal Library / Copenhagen University Library, Research Department, Box 2149, DK-1016 Copenhagen K, Denmark 
' Observatoire Astronomique de Marseille-Provence, 38 rue Frederic Joliot-Curie, 13388 Marseille Cedex 13, France 
' ^ Institute for Computational Cosmology, Durham University, South Road, Durham DHl 3LE 

^Steward Observatory, University of Arizona, 933 North Cherry Avenue, Tucson, AZ-85721, USA 

. 22 July 2009 

'. ABSTRACT 

We present new deep spectroscopic observations of 0.05-0.5 L, galaxies in one cluster 

i (cll232. 5-1250) drawn from the ESO Distant Cluster Survey (EDisCS) sample, at 

z = 0.54. The new data extend the spectroscopy already available for this cluster by 
about 1 magnitude. The cluster has a large fraction of passive galaxies and exhibits 
a well defined and relatively tight colour-magnitude relation. Among spectroscopic 
members, only six galaxies are classified as 'post-starburst' (k-l-a). For another EDisCS 

I cluster at similar redshift and with as deep spectroscopy, no member is found to have 

a k-|-a spectrum. The low measured numbers of post-starburst systems appear to be 
inadequate to explain the observed increase of faint red galaxies at lower redshift, even 

I when accounting for the infall of new galaxies onto the cluster. Post-starburst galaxies 

represent a possible channel to move galaxies from the blue star-forming cloud to 
the red-sequence, but the available data suggest this is not the dominant channel in 
galaxy clusters. If the galaxies at the faint end of the red-sequence in nearby clusters 
originate from the blue galaxies observed in distant galaxy clusters, the transformation 

I must have occurred primarily through physical processes that do not lead to a post- 

starburst phase. In addition, our data exclude a large population of k-|-a galaxies at 
faint magnitudes, as found in the Coma cluster. 

I Key words: galaxies: clusters: general ~ galaxies: evolution - galaxies: fundamental 

parameters. 



1 INTRODUCTION 

Early-type galaxies in clusters show a clearly defined relation 
between colour and luminosity. The existence of this relation 
has been known Jbr a Jang time (Bauni 1959: de Vauc ouleurs 
ri96ll : IVisvanathan fc Sandagell 19771 ) and it has long been 
thought to encode important information about the for- 
mation history of early-type galaxies. The scatter around 
the colour-magnitude relation is very small, at all red- 
shifts where it has been measured accurately, and its slope 
does not appear to have evolved significantly up to z 1 
l|Ellis et al.ll 19971 : iMei et al.ll2008l . and references therein). 
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The traditional interpretation of these observations is 
that cluster early-type galaxies formed at high redshift 
> 2 — 3) in a short duration event, and evolved pas- 
sively thereafter. In this scenario, the colour-magnitude 
relation represents a sequence of increasing metallicity 
with increasing luminosity, and is produced because a 
galactic wind is induced progressively later in brighter 
galaxies, which have d e eper potential wells (iFaberl Il973l : 
lArimoto fc Yoshiil Il987l : iKodama fc Arimotd Il997l ). Weak 
age trends are not excluded and are indeed measured 
fe.g. iFerreras. Chariot fc Silkl 1 19991 : iPoggianti et~aLl I2001I : 



iNelan et aLll2005D . but age is not traditionally considered 
the main driver of the colour-magnitude relation because 
younger stellar populations have more rapid colour evolu- 
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tion. If the colour-magnitude relation was indeed an age 
sequence, it would change dramatically with increasing red- 
shift as smaller gala xies approach their formation epochs 
l|Kodama et al.lll998l ). 

This classical interpretation relies on the assumption 
that all galaxies sitting on the colour-magnitude relation 
today, can be identified as red-sequence members of high- 
redshift galaxy cluster s - an assumption that is like ly to be 
wrong. As noticed by Ivan Dokkum fc Franxl (119961 ) . evolu- 
tionary studies based on observations of early-type galaxies 
at different epochs are seriously complicated by what they 
named the progenitor bias: if the progenitors of some present 
early- types were spirals at higher redshift, they would not be 
included in the samples studied at higher redshift, biasing 
the measured population towards older ages. The existence 
of such a bias, as discussed below, has been directly demon- 
strated in recent studie s of the colour-magnitude evolution. 

In [De Lucia et al.l l|2004 ). we analysed the colour- 
magnitude relation of 4 clusters in the redshift range 0.7- 
0.8 from the ESO Distant Cluster Survey (EDisCS), and 
found a deficiency of low- luminosity red-sequence galaxies 
with respect t o the nearby cluster Coma. Similar results 
were found bv lKodama et all l|2004) for early-type galaxies 
in a single deep field, and were later confir med by a num- 
ber of studies using independent datasets (|De Lucia et al.l 
120071 : IStott et al.ll2007l : ICilbank et al,,2061 ). The reported 
results are not unanim ous and were criticised in partic- 
ular by lAndreonI (|2008| ) whose results are, however, con- 
sistent with ours over the same redshift range (see their 
Fig. 4). In addition, some evolution in the distribution of 
red-sequence galaxies is expected as a consequence of the 
esta blished mass-dependence of early-type galaxy evolution 
(e.g. iThomas et al.'boOS^: 'Nela n et al] |2005l : iGallazzi et al.l 
I2OO6I . but see Fontanot ct al. 20q1)^ 

The population of blue galaxies observed in distant 
galaxy clusters provides the logical progenitors of the in- 
creasing number of faint red g alaxies observed at low red- 
shift. In iDe Lucia et al.l (|2007 ). we showed that a simple 
scenario in which infalling galaxies have their star formation 
histories truncated by the hostile cluster environment is con- 
sistent with the o bserved build-up of the colour-magnitude 
sequence (see also lSmail et al.lll998l ). Which physical mecha- 
nism(s) is(are) responsible for the transformation from star- 
forming to passive galaxies, as well as the associated time- 
scale(s) remain, however, to be understood. 

While the integrated colours of any new addition to 
the colour-magnitude relation indicate no sign of ongoing 
star formation, it is possible to apply more sensitive spec- 
troscopic tests to identify the signature of their recent past 
activity. 'K-|-a' (also referred to as 'E-l-A' or 'post-starburst') 
galaxies, in particular, represent the best candidates for 
an evolutionary link between star-forming, gas-rich galaxies 
and quiescent, gas-poor systems. These galaxies are com- 
monly identified on the basis of their optical spectra as hav- 
ing almost no emission lines (typically [OII ]3727) and excep- 
tiona lly strong Balmcr lines in absorption ({Dressier fc GunnI 
1 19831 : [Cou ch fc Sharpies 1987. ). Spectrophotometric mod- 
elling has demonstrated that the superposition of a young 
stellar population (represented by A stars) and an old 
population (dominated by K stars) indicates that star 
formation ceased abruptly in th ese galaxies in the past 
5 X 10''-1.5 X 10^ years (see e.g. ICouch fc Sharpies! 1 19871 : 



Newberrv. Boroson fc Kirshnei 1990l : IPoggianti fc Barbarol 
19971 : iBekki. Shiova fc Couchll200ll ). First studied in galaxy 



clusters, k-|-a galaxies have a l so been found in low-density 
regio ns dZabludoff et al.lll996l : iBlake et al.1l2004l : lYan et al.l 
l2008l : IWild et al.ll2008f rsuggesting that interactions with the 
'cluster environment' (e.g. ram-pressure stripping or harass- 
ment) are a possible but not a necessary condition for galax- 
ies to pass through this evolutionary phase. The absolute 
fraction of k-l-a galaxies in different environments and at 
various cosmic epochs is still a matter of debate, depending 
significantly on the criteria for Balmer and [Oil] strengths, 
the line measurement method, th e spectral quality, and the 
'environment' definition adopted (|Poggianti et al.l 20091 . and 
references therein). At low redshift, k-l-a galaxies are rare 
among luminous galaxies, in all environments. For the Coma 
cluster, a conspicuous population of k-f a galaxies has been 
detected at fainter magnitude s, representing a sig nificant 
fraction of the cluster 'dwarfs' (jPoggianti et aLll2004 ). Spec- 
troscopic studies of distant cluster galaxy populations are 
unavoidably limited to the bright end of the galaxy lumi- 
nosity function. Therefore, the presence of a large fraction 
of k-f a galaxies at faint magnitudes in intermediate redshift 
galaxy clusters, is yet to be demonstrated. 

To measure how much of the build-up of the colour- 
magnitude relation at low-redshift is caused by galaxies 
passing through a k-j-a phase, we have undertaken deep spec- 
troscopic observations of 0.05-0.5 L« galaxies in one cluster 
drawn from the EDisCS sample, at z = 0.54. The time inter- 
val between this redshift (when clusters already contained 
numerous faint red galaxies) and z ~ 0.8 (when clusters 
exhibit a clear deficit of this population) is approximately 
1.5 Gyr, comparable with the typical time-scale probed by 
a k-|-a spectrum. Below, we complement these spectroscopic 
data with EDisCS data available for the cluster clll38.2- 
1133 (hereafter clll38). This cluster was originally targeted 
as a high-z (zcst ~ 0.8) cluster candidate, but it turned out 
that the field contains two clusters at 2; ~ 0.5. For this clus- 
ter, the available EDisCS spectroscopy is as deep as the new 
spectroscopy presented here. 

The layout of the paper is as follows. Our target se- 
lection, observations, and data reduction are described in 
Section O In Section [31 we characterise the spectral com- 
position of the clusters used in this study. In Section 3] we 
discuss our new results in the context of the build-up of 
the red-sequence galaxy population. Finally, we discuss our 
results and give our conclusions in Section [S] Where neces- 
sary in the following, we assume a ACDM cosmology with 
SIa = 0.7, Sim = 0.3, and Ho = 70kms~^Mpc-^ 



2 THE DATA 

Our target cluster for new spectroscopic observations 
(cll232. 5-1250, hereafter abbreviated as cll232) is a rich 
cluster at z — 0.54 wit h a line-of-sight vel ocity disper- 
sion of 1080+g9^kms"^ (iHallidav et al.l 120 04'). and a sig- 
nificant weak lensing detection (jClowe et al. 200 6) . For 
this cluster, the EDisCS programme obtained deep F0RS2 
(jAppenzeller et al. Ill998l ) photometry at V, R , and I with 
integration times of approximately 2 hours (jWhite et al.l 
|2005l ). and deep near infrared imaging using SOFI at NTT, 



with integration times of 300 min at J and 360 min at 
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Ks (Aragon-Salamanca et al. in preparation). Within the 
EDisCS programme, we also obtained for this cluster deep 
spectroscopy using 4 separate slit masks on F0RS2 and ex- 
posure times of 106 (for one mask) and 120 (for the other 
three masks) minutes (|Hallidav et al.1 120041 '). For cll232, 
we also have mosaic images in the F814W filter from the 
Advanced Camera for Surveys (ACS) onboard the Hub- 
ble Space Telescope (HST), with one orbit exposure in the 
outer regions, and five orbit coverage of the cluster centre 
l|Desai et al.ll2007l l. 

For our new spectroscopic observations, target selec- 
tion was based on the available VLT/FORS2 photometry 
l| White et al.l 120051 ). The optical data cover 6.5' x 6.5' and 
are well matched to the FORS2 spectrograph field of view. 
Our targets were selected among galaxies with I-band mag- 
nitude between 21.5 and 23. We excluded galaxies with V- 
I colour redder than 2.6, so as to exclude targets above 
the observed colour-magnitude relation for this cluster. At 
fainter magnitudes, when possible, we added slits on targets 
at 23 < I < 24 within a wedge-shaped region close to the ob- 
served colour-magnitude relation (see Fig. [3] below). For the 
target selection, we used magnitudes and colours computed 
within an aperture of radius 1", and uncorrected for Galac- 
tic extinction. The spectroscopic data presented in this work 
are deeper than available EDisCS spectroscopy by about 1 
magnitude. 

Spectroscopic data were acquired during one observ- 
ing run spanning four nights (starting on April 16, 2004) 
using the MXU multi-object mask facility of the F0RS2 
spectrograph, mounted on the VLT Yepun UT4 telescope 
in Paranal. The planned observations could not be carried 
out due to bad weather conditions (strong wind, high hu- 
midity, and seeing always above 1.1" and varying strongly, 
up to 1.7" during integration). Observations for only three 
masks out of the eight prepared were completed, with expo- 
sure times of 4.5 hours and using the high efficiency grism 
600RI-hl9 (Accntrai = 6780 A, resolution FWHM « 6 A). 
The signal-to-noise ratio around 6500 A is ~ 9.6 at 1=21.6, 
- 2.8 at 1=22.4, and ~ 2 per F0RS2 pixel (1.66 A/pixel) at 
1=23.0. Because of poor seeing, the quality of these spectra 
is too low to perform a detailed spectroscopic analysis. Nev- 
ertheless, as we discuss in the following, these data have been 
useful in assessing our strategy and quantifying the role of 
the post-starburst phase in the build up of the red-sequence 
for the cluster under investigation. 

Data reduction was completed using and the 

improved sky subtraction method, fiux calibration, and cor- 
rect ionJo£_telhin£_ateorgti are describe d iii de- 
tail in Milvang- Jensen et al.l l|2008l . see also Kelson 20031 and 
iHaUidav et al.i2004l l. We refer to these papers for full details 
of the data reduction procedure. 

Spectroscopic redshifts were measured using emission 
lines where possible, in particular the [OII]3727 line, or the 
most prominent absorption lines, e.g. calcium K and H lines 
at 3934 A and 3968 A. A quality flag was assigned manually 
to each measurement. In the following, we use only 'secure' 



^ IRAF is distributed by the National Optical Astronomy Obser- 
vatories, which are operated by the Association of Universities for 
Research in Astronomy, Inc., under cooperative agreement with 
the National Science Fundation. See: http://iraf.noao.edu/ 



redshift measurements. The equivalent widths of the [Oil] 
and Balmer lines were measured with a line fi tting technique 
similar to that used in lDressler et al.1 (|l999l ). after inspect- 
ing each one- dimensional spectrum interactively. Each two- 
dimensional spectrum was also inspected so as to confirm 
the presence of an emission line, particularly in the case of 
weak lines. 

As explained in Section[TJ clll38 was originally targeted 
as a high-z cluster, with an expected redshift z^st ~ 0.8. 
The redshift of all candidate clusters observed within the 
EDisCS programme was estimated using an empirically cal- 
ibrated relation betwe en the redshift and th e magnitude of 
the brightest galaxies ([Gonzalez et al.ll200lh . For this clus- 
ter, however, a large part of the imaging data near the clus- 
ter detection was masked (likely due to a nearby bright 
star). As a result, the cluster centroid was shifted slightly 
away from the actual brightest cluster galaxy (BCG) , which 
ended up just outside the automated search radius. As a 
result, a fainter galaxy was identified as BCG and the clus- 
ter redshift was overestimated (Gonzalez, private communi- 
cation). The dominant spectroscopic peak for clll38 is at 
z = 0.48 (45 secure spectroscopic members). The field also 
contains a secondar y peak at z = 0.45, with 11 secure spec- 
troscopic members (jMilvang- Jensen et al.l [20081 ). The main 
cluster in the field has a line-of-sight velocity dispersion of 
732^75 kms~^, while the secondary cluster has a velocity dis- 
persion of 5421^5 km s-\ Since the field was targeted as a 
high-2 cluster candidate, the available spectroscopy is deeper 
than that obtained for other EDisCS clusters at similar red- 
shift, and extends down to a limiting magnitude similar to 
that obtained for cll232 with our new spectroscopic obser- 
vations. The spectroscopic data reduction and spectral anal- 
ysis for this cluster was carried out using the same methods 
and procedures outlined above. We note that our photo- 
metric redshift estimates are not robust at z < 0.5 for the 
filter set used for the high-redshift candidate clusters such 
as clll38 (Pello et al. submitted). B-band data would be 
needed for this cluster to achieve higher accuracy in the 
photometric redshift estimation. 



3 SPECTRAL COMPOSITION 

The new spectroscopic data provide 31 cluster members for 
the cluster cll232. Five of these members were already ob- 
served within the EDisCS programme, yielding a total of 26 
new cluster members. The additional spectroscopic informa- 
tion does not modify significantly the dyna mical and sub- 
struct ure analysis of this cluster discussed in iHallidav et al.l 
(|2004l ). In the following, we therefore focus on an analysis of 
the spectral composition of the cluster cll232, and compare 
it to the information available for clll38. 

We grouped all spectroscopic members into three broad 
spectral classes: galaxies with an absorption-line spectrum 
are classified as passive, while galaxies with significant emis- 
sion in their spectra (EW[OII]> 5 A) are classified as active. 
In addition, we classify as k-l-a galaxies all those with no 
significant [Oil] emission (< 5 A), and with strong Balmer 
lines in absorption. At the redshift of cll232, unfortunately, 
the 6300 A sky line falls exactly on top of the US line. 
For our k+a classification, we therefore rely on higher-order 
Balmer lines, in particular H(", which is strongly correlated 
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Table 1. EDisCS ID, right ascension, declination, redshift, EWs of the Oil and lines, and spectral type for all spectroscopic members 
provided by the data presented in this study. Members already observed within the EDisCS programme arc indicated with an asterisk. 
Unmeasurable values of EWs are indicated by ' — '. 



EDisCS ID RA (J2000) Dec {J2000) z EW[OII] EW[HC] spectral type 



EDCSNJ1232370- 


-1248239(*) 


12: 


:32: 


:37, 


.04 


-12: 


:48: 


:23, 


.94 


0. 


.5399 


0.0 


2.7 


passive 


EDCSNJ1232348- 


-1248427 


12: 


:32: 


:34, 


.76 


-12: 


:48: 


:42, 


.73 


0. 


.5335 


80.3 


0.0 


active 


EDCSNJ1232342- 


■1248565 


12: 


:32: 


:34, 


.20 


-12: 


:48: 


:56, 


.45 


0. 


.5323 


44.2 


0.0 


active 


EDCSNJ1232311- 


-1249392 


12: 


:32: 


:31, 


.11 


-12: 


:49: 


:39, 


.16 


0. 


.5445 


— 


— 


uncertain 


EDCSNJ1232350- 


-1249519 


12: 


:32: 


:34, 


.98 


-12: 


:49: 


:51, 


.91 


0. 


.5450 


— 


— 


uncertain 


EDCSNJ1232276- 


-1250017 


12: 


:32: 


:27, 


.61 


-12: 


:50: 


:01, 


.69 


0. 


.5411 


0.0 


0.0 


passive 


EDCSNJ1232274- 


-1250548 


12: 


:32: 


:27, 


.43 


-12: 


:50: 


:54, 


.78 


0. 


.5441 


0.0 


0.0 


passive 


EDCSNJ1232291- 


-1251054 


12: 


:32: 


:29, 


.08 


-12: 


:51: 


:05, 


.40 


0. 


.5433 


0.0 


1.3 


passive 


EDCSNJ1232212- 


-1251476 


12: 


:32: 


:21 


.16 


-12: 


:51: 


:47, 


.61 


0. 


.5399 


0.0 


— 


passive 


EDCSNJ1232284- 


-1251573 


12: 


:32: 


:28, 


.36 


-12: 


:51: 


:57, 


.26 


0. 


.5437 


0.0 


0.0 


passive 


EDCSNJ1232242- 


-1252301(*) 


12: 


:32: 


:24, 


.24 


-12: 


:52: 


:30, 


.10 


0. 


.5386 


0.0 


2.9 


passive 


EDCSNJ1232261- 


-1252429(*) 


12: 


:32: 


:26, 


.11 


-12: 


:52: 


:42, 


.94 


0. 


.5376 


0.0 


3.0 


(weak) k-|-a 


EDCSNJ1232230- 


-1253041 


12: 


:32: 


:22, 


.97 


-12: 


:53: 


:04, 


.07 


0. 


.5448 


0.0 


0.0 


passive 


EDCSNJ1232369- 


-1248246 


12: 


:32: 


:36, 


.88 


-12: 


:48: 


:24, 


.58 


0. 


.5362 


7.0 


0.0 


active 


EDCSNJ1232366- 


-1248446 


12: 


:32: 


:36, 


.61 


-12: 


:48: 


:44, 


.62 


0. 


.5352 


53.3 


0.0 


active 


EDCSNJ1232335- 


-1249293 


12: 


:32: 


:33, 


.54 


-12: 


:49: 


:29, 


.29 


0. 


.5450 


37.4 


8.0 


active 


EDCSNJ1232292- 


-1249417 


12: 


:32: 


:29, 


.17 


-12: 


:49: 


:41 


.70 


0. 


.5360 


— 


— 


uncertain 


EDCSNJ1232299- 


-1250018 


12: 


:32: 


:29, 


.94 


-12: 


:50: 


:01, 


.84 


0. 


.5409 


0.0 


0.0 


passive 


EDCSNJ1232339- 


-1250359 


12: 


:32: 


:33, 


.89 


-12: 


:50: 


:35, 


.93 


0. 


.5416 


0.0 


0.0 


passive 


EDCSNJ1232285- 


-1250527 


12: 


:32: 


:28, 


.53 


-12: 


:50: 


:52, 


.74 


0. 


.5416 


0.0 


0.0 


passive 


EDCSNJ1232300- 


-1251293 


12: 


:32: 


:29, 


.97 


-12: 


:51: 


:29, 


.30 


0. 


.5419 






uncertain 


EDCSNJ1232333- 


-1252436 


12: 


:32: 


:33, 


.32 


-12: 


:52: 


:43, 


.56 


0. 


.5430 


9.3 


2.7 


active 


EDCSNJ1232320- 


-1252551 


12: 


:32: 


:31, 


.97 


-12: 


:52: 


:55, 


.15 


0. 


.5391 


26.4 


0.0 


active 


EDCSNJ1232358- 


-1249348 


12: 


:32: 


:35, 


.80 


-12: 


:49: 


:34, 


.77 


0. 


.5328 


0.0 


0.0 


passive 


EDCSNJ1232319- 


-1250024 


12: 


:32: 


:31, 


.91 


-12: 


:50: 


:02, 


.44 


0. 


.5475 






uncertain 


EDCSNJ1232366- 


-1250526 


12: 


:32: 


:36, 


.61 


-12: 


:50: 


:52, 


.63 


0. 


.5391 


0.0 


0.0 


passive 


EDCSNJ1232320- 


-1251257 


12: 


:32: 


:32, 


.04 


-12: 


:51: 


:25, 


.72 


0. 


.5485 


41.1 


0.0 


active 


EDCSNJ1232311- 


-1251563 


12: 


:32: 


:31, 


.07 


-12: 


:51: 


:56, 


.32 


0. 


.5407 


0.0 


0.0 


passive 


EDCSNJ1232261- 


-1253040(*) 


12: 


:32: 


:26, 


.08 


-12: 


:53: 


:04, 


.00 


0. 


.5597 


5.0 


0.0 


active 


EDCSNJ1232324- 


-1253496 


12: 


:32: 


:32, 


.44 


-12: 


:53: 


:49, 


.57 


0. 


.5407 


0.0 


11.4 


k-fa 


EDCSNJ1232361- 


-1254185(*) 


12: 


:32: 


:36, 


.10 


-12: 


:54: 


:18, 


.52 


0. 


.5398 


2.3 


6.5 


k+a 



to H^, an d provides a useful su bstitute whenever H5 is not 
available l|Poggianti et al.ll2009l ) . In our study, we classify as 
post-starburst galaxies all those with EWfHc^] 3 A and 
EW[OII]< 5 A. 

In Table [T] we provide, for each cluster member ob- 
tained through our new observations, the EDisCS object ID 
(column 1), the right ascension (column 2), the declination 
(column 3), the measured redshift (column 4), the equivalent 
widths of the [Oil] (column 5) and (column 6) lines, and 
the spectral type (column 7). Members already observed in 
the EDisCS programme are indicated with an asterisk. 

The spectra of the six members classified as post- 
starburst galaxies are shown in Fig. [T] in order of increas- 
ing luminosity. The dashed vertical lines in the figure mark 
the main spectral lines over the wavelength range shown: 
[OII]3727, H6I3798, Hr73835, HC3889, He3970, and H54101. 
Spectra are shown in the rest frame and have been rebinned 
to 5 A/pixel. The signal-to-noise ratio decreases towards 
fainter magnitudes and, as discussed above, a sky line at 
6300 A is clearly visible in most of the panels and com- 
plicates significantly the measurement of the H5 equivalent 
width. 

Fig.[2]shows the spatial distribution of all cluster mem- 
bers for cll232 (left panel) and clll38 (right panel), super- 
imposed on adaptively smoothed isopleths created using all 
photometric redshift members in the region where both op- 



tical and near infrared data are availa b le, and a s cheme 
very similar to that outlined in iPisanil (|l993l . Il996l ). Red 
circles and blue triangles mark the position of passive and 
active galaxies respectively, while green boxes correspond 
to galaxies classified as k-l-a. A few galaxies could not be 
assigned a 'secure' spectroscopic typ«0 and are shown as 
open white circles in Fig. [21 The adaptively smoothed maps 
were constructed using the locations of all galaxies brighter 
than I{r = 1") = 25 that have a high probability of be- 
ing cluster members, according to the redshift probability 
distribution provided by two different photom etric redshift 
codes (see section 3.1 in iDe Lucia et al] |2007| and Pello et 
al. submitted). Note that we have not attempted to correct 
for boundary effects, so the estimated densities always drop 
close to the field boundaries. 

C11232 is clearly dominated by a population of pas- 
sive galaxies (about 62 per cent of all spectroscopic mem- 
bers) concentrated around the position of the BCG, which 
is marked by a white cross in Fig. [2l About 25 per cent of 
all members have an emission-line spectrum. These galax- 
ies appear more uniformly distributed, with a small con- 
centration in the north-west corner of the image, which 



^ E.g. because the measurement of line intensities is contami- 
nated by the presence of sky lines 
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Figure 1. Spectra of the cll232 members classified as post-starburst galaxies, in order of increasing luminosity. Dashed vertical lines 
mark from left to right the following lines: [OII]3727, He3798, HrjSSSS, HC3889, He3970, and H<54101. Spectra are shown in the rest frame 
and have been rebinned at 5 A. 



might correspond to a small sub-clump infalling onto the 
main body of the cluster (this is confirmed by a Dressler- 
Shectman test on the available spectroscopy). Among all 
spectroscopic members of cll232, we find 6 that are classi- 
fied as post-starburst galaxies. Two of these are in common 
between the EDisCS sample and the sample presented in 
this study. One of them was classified as 'passive' on the 
basis of the available EDisCS spectroscopy, but is classified 
as k-|-a according to our deeper spectra. Most of the k-|-a 
galaxies are located in the southern region of the cluster 
and do not appear to reside preferentially in regions of high 
density. Interestingly, two of these galaxies are located in 
the south-west corner of the image, where our weak lensing 



reconstru ction detec ts a second peak at more than 3cr sig- 
nificance (|Clowe et a l. 2006). This could suggest that these 
k-|-a galaxies originate in infalling groups from e.g. inter- 
actions with the intra-cluster medium. Unfortunately, how- 
ever, these two galaxies are located very close to the field 
boundary, where our density reconstruction is not accurate. 

The right panel of Fig. [2] shows the spatial distribution 
of spectroscopic members for both clusters identified in the 
field of clll38, and the corresponding isopleths. Filled sym- 
bols represent the spectroscopic members of the main clus- 
ter, while open symbols correspond to the secondary clump 
in this field. The spectral properties of clll38 are quite dif- 
ferent from those of cll232. Our EDisCS spectroscopy does 
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Figure 2. Spatial distribution of all spectroscopic members for the clusters cll232 (left panel) and clll38 (right panel), superimposed 
on adaptively smoothed isopleths of the surface density of photo-z members. Red circles and blue triangles correspond to galaxies with 
absorption and emission-line spectra, respectively. Green boxes mark the position of galaxies classified as k+a. Galaxies with uncertain 
spectroscopic type are shown as empty white circles. White crosses mark the position of the BCG of the main spectroscopic peak in 
each field. In the right panel, spectroscopic members of the main cluster are plotted as filled symbols, while empty symbols represent the 
spectroscopic members of the secondary cluster in the field. The pixel scale is of 0.2"/pixel. 



not include any galaxy classified as post-starburst, and the 
star-formi nK galaxy fraction is tw ice as large in clll38 as it is 
in cll232 (|Pog gianti e t al.ll2006l ). The photometric redshift 
uncertainty does not allow us to isolate members of the two 
clusters in the field of clll38, so that both of them appear 
in the corresponding isopleths. 



4 COLOUR-MAGNITUDE RELATION 



In lDe Lucia et aL I (12007), we analysed the colour-magnitude 
relation of all clusters in the EDisCS sample and showed, 
confirming our previous findings, that the high redshift 
EDisCS clusters exhibit a significant deficit of faint red 
galaxies. Our results were later confirmed by an indepen- 
dent analysis of the red-sequence lum inosity function of the 
EDisCS clusters l|Rudnick et al.ll2009l ). As mentioned in Sec- 
tion [1] we interpret these results in terms of a progressive 
build-up of the faint end of the red-sequence with decreasing 
redshift, possibly due to star formation being suppressed in 
infalling galaxies by the hostile cluster environment. In this 
section, we revisit our results for cll232 using the new spec- 
troscopic data presented in this study, and reanalyse our 
results for clll38. 

Fig.|3]shows the colour- magnitude diagram for the clus- 
ter cll232. Small black open circles show galaxies for which 
the photometric redshift measurements provide a high prob- 
ability of cluster membership, while larger symbols show 
spectroscopically confirmed members with (blue triangles) 
and without emission lines (red circles), and with a post- 



starburst spectrum (green boxes). The few spectroscopic 
members with uncertain spectral type are shown as filled 
black circles, and lie almost exactly on the faint end of 
the red-sequence for this cluster. The solid black line in 
Fi g. [5] shows the best-fit relation to the red-sequence used 
in iDe Lucia et al.l l|2007 ), which was obtained by apply ing 
the bi- weight estimator 



), wnicn was obtamed by apply ing 
Beers. Flvnn fc Gebhard3ll99d ) for 



the members without emission lines in their spectra, and 
adopting a fixed slope of —0.09. The grey shaded region 
co rresponds to th e regio n used for our target selection. As 
in iDe Lucia et al.l l|2007l ) , we used magnitudes and colours 
measured within a fixed circular aperture with 1" radius, 
corrected for Galactic extinction. 

The data sh own in Fig. [5] demonst rate that the best-fit 
relation used in iDe Lucia et al.l |2003) provides a good fit 
to the observed red-sequence, down to the magnitude limit 
sampled by the new data presented in this study (we recall 
that the EDisCS spectroscopy extends down to 22 in the I- 
band for this cluster - see Fig. 1 in De Lucia et al. 2007) . The 
dashed red line in Fig.[3]shows the best-fit relation obtained 
using the additional spectroscopic information presented in 
this work, and leaving both the zero-point and the slope of 
the relation free to vary. In this case, we derive a best-fit 
slope of —0.095 ± 0.017, in very good agreement with the 
fixed slope adopted in our previous study. 

Our fitting procedure measures a scatter of 0.082 ± 
0.014. Interestingly, this scatter is comparable to the scat- 
ter measured for a sample of clusters at similar redshift, ob- 
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Figure 3. Colour-magnitude relation for tlie cluster cI1232. Blaclc 
open symbols represent photo-z cluster members, while blue and 
red symbols correspond to spectroscopically confirmed members 
with and without emission lines. Filled black symbols correspond 
to spectroscopic members with uncertain spectroscopic type, and 
green squares show galaxies that have been classified as post- 
starburst. Thin slanted lines correspond to the 1, 3, and 5cr de- 
tection limit in the V-band. The solid black line shows the best fit 
relation used in lPe Lucia et al ] l(2003), while the dashed red line 
shows the best fit relation re-measured using all cluster members 
(see text). The grey shaded region mark the region used for our 
target selection (see Section [2J, with limits corrected for Galactic 
extinction as done for the photometric data shown in the figure. 
The vertical dashed lines mark the limits chosen to classify galax- 
ies as 'faint' and 'luminous' (see text for details). 



served with HST bv lEllis et all ([19930 Uncertainties in the 
fit coefficients given above were estimated by bootstrapping 
the available data from 100 Monte Carlo simulations. 

As noted in the previous section, cll232 has a sub- 
stantial population of passive galaxies that lie on a rela- 
tively tight red-sequence. The spectroscopic members with 
emission lines in their spectrum scatter below the best- 
fit relation, with a few of them having colours compatible 
with those of members with an absorption-line spectrum. Of 
the six members that have been classified as post-starburst 
galaxies, four of them have V-I colour within ±0.3 mag 
from the best-fit relation (dashed lines), and two are slightly 
bluer. Our data seem to exclude a large (larger than the 
number obtained on the basis of the EDisCS spectroscopy 
for brighter galaxies) population of post-starburst galaxies 
at faint magnitudes (My > — 18.5), as found for the Coma 
cluster l|Poggianti et al.ll2004l ). 

As discussed in Sec. [S] there is a large variation in 
the spectral composition of clusters at similar redshift. It 
is therefore interesting to compare the colour-magnitude re- 

3 Note that lEUis et al.l lll997l ') estimated the rms scatter about the 
mean regression from the mean absolute deviation, which would 
generally yield a lower value than that provided by the method 
adopted in this study. 



Figure 4. As in Fig. \3\ but for the two clusters in the field of 
clll38. Filled symbols show the spectroscopic members of the 
main cluster, while open symbols correspond to the secondary 
cluster in this field. All members for this clusters come from 
EDisCS spectroscopy (see text). 



lation of the cll232 cluster to that of clll38. This is shown 
in Fig. |4l using the same colour-coding adopted in Fig. [S] 
Spectroscopic members of the secondary cluster in the field 
of clll38 are shown as empty symb ols. The black solid lin e 
shows the best-fit relation used in iDe Lucia etHI (|200'i1 ). 
while the dashed lines correspond to ±0.3 mag from it. For 
this cluster, a fit of the red-sequence using only members 
with an absorption line spectrum does not converge when 
leaving both the slope and the zero-point of the relation 
free to vary. Fig. |4] shows a tight red-sequence at bright 
magnitudes, with few passive members scattering below the 
best-fit relation at fainter magnitude. The population of ac- 
tive galaxies, more copious than for the cluster cll232, is 
characterised by significantly blue colours, although a few 
members with emission lines in their spectra reside within 
0.3 mag from the best-fit red-sequence. 

Figs. |3] and |4] show that the relative proportions of red 
and blue galaxies are quite different for the two clusters un- 
der consideration. In addition, as noted in the previous sec- 
tion, no spectroscopic member of clll38 has been classified 
as 'post-starburst'. 

To analyse the distribution of red-sequence galaxies, we 
measure the 'luminous -to-faint' ratio, follow ing the same 
definitions adopted in IPe Lucia et al.l (|2007l ). We use all 
galaxies that lie within ±0.3 mag from the best-fit colour- 
magnitude relation, measured using a fixed slope of —0.09. 
We then define as 'luminous' all galaxies brighter than 
My = —20, and as 'faint' all galaxies fainter than this and 
brighter than My = —18.2. The conversion from observed I- 
band magnitudes to rest-frame V-band magnitudes has been 
made by assuming a single burst model with redshift of for- 
mation Zf = 3, and takes into account passive evolution 
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Figure 5. Luminous-to-faint ratio for cll232 (red circle) and 
clll38 (orange circle), compared to the average trend ob- 
tai ned from the EDisCS clusters (black circles), as measured 
in iDe Lucia et al. 1 l|2003). The green diamond shows the value 
measured for the Coma cluster in the same study. The red and 
cyan error bars connected by arrows show the evolution of the 
luminous-to-faint ratio exp ected using the 'trun cation' and the 
'delay' models described in lDe Lucia et aL 1 ll2007f) . 



the luminou s-to-faint ratio expect ed using the two models 
described in Lucia et al.l (|2007l ). We refer the reader to 
the original paper for details on the models. Briefly, these 
are constructed using the colour-magnitude distribution of 
the EDisCS clusters in the highest redshift bin, and evolving 
them forward in time assuming that the star formation his- 
tories of blue galaxies are truncated ('truncation' model) at 
the redshift of the observation of the cluster, or 1 Gyr later 
('delay' model). An exponentially declining star formation 
history (with t = 1, 2, 3, and 7 Gyr and redshift of for- 
mation 3) is assigned to all galaxies bluer by 0.3 mag than 
the best-fit red-sequence, by selecting the "closest model" in 
the colour-magnitude space. The ad opted modelling is ver y 
simple and, as discussed in detail in lDe Lucia et al] (|20o3), 
results need to be interpreted with caution. Fig. [5] suggests 
that a scenario in which infalling galaxies have their star 
formation suppressed by the cluster environment is in qual- 
itative agreement with the observed build-up of the colour- 
magnitude relation. Given the uncertainties in the mod- 
elling, however, the results discussed in our previous study 
and here do not yet convincingly confirm this scenario. In 
addition, they do not provide strong constraints on the phys- 
ical process(es) responsible for the observed evolution, and 
on the associated time-scale(s). In the next section, we ex- 
amine one specific scenario in which new additions to the 
colour-magnitude relation move from the blue cloud passing 
trough a k+a phase. 



to redshift zero. The luminous-to-faint ratio measurecfl for 
cI1232 is shown as a red circle in Fig. (5] while the orange 
circle shows the corresponding measurement for the clus- 
ter clll38. The black circles with error bars show the aver- 
age luminous-to-faint ratio measured by binn ing 15 EDisCS 
clusters as discussed in iDe Lucia etHI i|200'if ). and the green 
diamond shows the corresponding value measured for the 
Coma cluster. We recall that the EDisCS values shown in 
Fig. [5] have been obtained by averaging the measurements 
for different choices of cluster membership criteria and area. 
A conservative choice was adopted for the error bars, which 
were also averaged rather than combined in quadrature. 
Since our previous work demonstrated that results were not 
affected significantly by the use of different cluster member- 
ship criteria, the values for cll232 and clll38 shown in Fig. [5] 
have been measured by selecting members using the photo- 
metric redshift information. For cll232, we have selected all 
photometric members within the maximum physical radius 
centred on the BCG and included in the SOFI field of view. 
For clll38, we have selected the photometric members of 
both clusters in the field, within the SOFI field of view. The 
corresponding value of the luminous-to-faint ratio needs to 
be interpreted with caution. 

Fig. [5] shows that the luminous-to- faint ratios of cll232 
and clll38 are consistent, within the errors, with the aver- 
age trend obtained considering all EDisCS clusters used in 
our previous study. In Fig. [5] we also show the evolution of 

* The measurement includes the new spectroscopic information 
discussed in this study, but it does not differ significantly from 
that obtained using EDisCS spectroscopy only. 



5 THE IMPORTANCE OF THE K+A PHASE 
IN THE BUILD-UP OF THE 
RED-SEQUENCE GALAXY POPULATION 

With the data in hand, we now attempt a first estimate of 
the contribution to the build-up of the colour-magnitude re- 
lation by galaxies passing through the k-l-a phase. Using the 
definitions given above, and complementing the photomet- 
ric redshift information with the available spectroscopy to 
assign cluster membership, we have the following numbers 
of red luminous and faint galaxies for cll232: 

iVium(^ = 0.54) = 60 and iVfaint(2 = 0.54) = 74, 

which implies a luminous-to-faint ratio of ~ 0.81 at z=0.54. 

If t is the age of the Universe corresponding to the red- 
shift of the clustei0, the expected number of new red galaxies 
at a subsequent time t -I- At, associated with the k-l-a phase, 
can be written as: 

AiVlu,„(t -f- At) = iVk+a,lum X (t) X — , 

where A^k+a is the number of blue k-|-a galaxies in the mag- 
nitude bin considered. We use here only the blue post- 
starburst galaxies, because the red ones have already been 
included in the computed luminous-to-faint ratio. For consis- 
tency, we use the typical time-scale over which a k4-a galaxy 
is blue (rii+a). In the above equation, A^ium is the number 
of photometric members, and Mum, spec is the number of lu- 
minous spectroscopic members in the same magnitude bin. 
The factor „ — corrects for the incompleteness of our 

-'^lum.spcc 

^ The age of the Universe corresponding to z=0.54 is ~ 8.15 Gyr. 
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spectroscopic sample, assuming that the sample is repre- 
sentative. We note that the num ber of (blue) photom etric 
members is quite u ncertain (see IPe Lucia et al.l l2007l and 
iRudnick etlllboogl ) so that these numbers should be inter- 
preted with caution. A similar equation can be written for 
the new additions to the red 'faint' galaxies passing through 
a k-|-a phase: 

AiVfaint(t-f At) = iVk+a.faint X /^^""^ (t) X — 

faint, spec ^k+a 

Assuming Tk+a ~ 0.3 Gyr l|Poggianti fc Barbarci|ll997[ ). 
At ~ 0.64 Gyr, and considering that we observe no blue k-l-a 
galaxy in the 'luminous' bin, and two in the 'faint' bin, we 
obtain ANi^^{z = 0.45) = 0. and ANf^int{z = 0.45) = 13.7. 
These numbers give an expected luminous-to-faint ratio at 
z = 0.45 of ~ 0.68 ± 0.11, which is still consistent with the 
luminous-to-faint ratio measured for cll232 and significantly 
higher than the ratio measured using all (5) EDisCS clusters 
in the lower redshift bin used in our previous work (black 
symbols in Fig. [5]|. When taking into account the (large) 
estimated uncertainties, this value becomes marginally con- 
sistent with the ratio measured at lower redshift. 

The argument outlined above, however, provides a lower 
limit to the evolution of the luminous-to-faint ratio, because 
it does not account for the infall of new galaxies onto the 
cluster in the redshift interval considered. To obtain an esti- 
mate of the number of galaxies infalling onto a cluster sim- 
ilar to cll232 between z = 0.54 and z = 0.45, we use results 
from semi-analytic models of galaxy formation coupled to 
cosmological N-body si mulations. In particu l ar, we use here 
the model presented in IPe Lucia fc Blaizod ()2007l . and ref- 
erences therein), which is publicly available through a SQL- 
queryable databasfl The model has been shown to provide 
reasonable agreement with a large number of observational 
results both in the local Universe and at higher redshift (see 
the original paper and references therein for details). 

Using the publicly available catalogues, we selected the 
100 most massive haloes ai z = 0.56 (the available snapshot 
closest to the redshift of cll232), and identified their descen- 
dants a.t z — 0.45. For each of the haloes at z = 0.56, we 
computed the line-of-sight velocity dispersion using the same 
procedure adopted for the EDisC S clusters ()Hallidav et al.l 
l2004l : iMilvang- Jensen et al.| l2008'). We finally counted how 
many 'new' galaxies (i.e. galaxies which did not reside in 
the progenitor halo) are found in the descendant halo at 
z — 0.45. The black filled symbols in Fig.|B]show the number 
of recently accreted galaxies that are found within 0.5 x -R200 
from the cluster centre at z = 0.45, and that are brighter 
than My = —18.6 at z — 0.56. The adopted distance corre- 
sponds approximately to the maximum fraction of R200 , for 
the EDisCS clusters, that lies within the region covered by 
the SOFI field of view. Assuming passive evolution, these 
galaxies will evolve into galaxies brighter than My — —18.2 
(the magnitude limit adopted in our analysis) at z = 0.45. 
The dashed vertical lines in Fig. |S] show the range of ve- 
locity dispersions corresponding to the value measured for 
the cluster cll232. To illustrate how these results depend 



^ A description of the publicly available catalogues, and a 
link to the database can be found at the following webpage: 
|http: / /www. mpa-garching.mpg.de/millennium/, 
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Figure 6. Number of galaxies that fell into the cluster between 
z = 0.56 and z = 0.45 as a function of the cluster line-of-sight 
velocity dispersion. Only galaxies that are within 0.5 X -R200 from 
the cluster centre at z = 0.45 are considered. Filled symbols 
are obtained counting only galaxies brighter than My = —18.6 
at z = 0.56, while empty symbols are obtained when counting 
all galaxies brighter than the resolution limit of the simulation. 
The two vertical dashed lines show the region where the line-of- 
sight velocity dispersion is compatible with the value measured 
for cll232. 



on the adopted magnitude limit, we show as empty sym- 
bols the number of recently accreted galaxies that lie within 
0.5 X -R200 at the lower redshift considered, and that are 
brighter than the magnitude limit corresponding to the res- 
olution limit of the simulation —15 in the rest-frame 
V-band). 

Fig.EJshows that a halo with velocity dispersion similar 
to that measured for cll232 accretes, on average, ~ 20 galax- 
ies brighter than My ~ — 15 in the redshift interval consid- 
ered, with a few haloes accreting up to ~ 50 new galaxies. 
The numbers are much lower when imposing a magnitude 
cut similar to the magnitude limit adopted in our analysis: 
when counting only galaxies brighter than -18.6 at z = 0.56, 
the average number of newly accreted galaxies is ~ 6, and 
only two haloes in the relevant range of velocity dispersion 
accrete ~ 20 new galaxies. 

Considering that the active and post-starburst galaxies 
in our sample have been forming stars at significant rates in 
the past ~ 2 Gyrs, and that a k-f a spectrum requires a sharp 
truncation of the star formation activity in the past ~ 1 Gyr, 
the ratio of the number of k-l-a to the total number of active 
and k-|-a galaxies provides an estimate of the 'quenching ef- 
ficiency' associate d with the particular environment under 
consideration (see IPoggianti et al.P 2009Y Our spectroscopic 
sample for the cluster cll232 contains 6 k+a galaxies and 
26 active galaxies (counting also those with a k-l-a spec- 
trum) , giving a quenching efficiency of ~ 23 per cent, in per- 
fect a greement with the value measured bv IPoggianti et ahl 
(|2009l , see their Table 6). We therefore expect 0.23 x iVaccr 
new red galaxies at 2; = 0.45, which can be added to the 
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numbers computed above on the basis of the observed num- 
ber of blue k+a galaxies. If we assume that all new galaxies 
accreted onto the cluster end up on the 'faint' end of the 
colour-magnitude relation - which maximises the evolution 
of the luminous-to-faint ratio - we obtain: 

iVfaint^ ■ ' 74 + 13.7 + 0.23 X iV.ccr 

With A'accr ~ 6, the above equation gives (z — 0.45) ~ 
0.67 ±0.11. Even maximizing the number of newly accreted 
galaxies (A'accr ~ 20), the expected luminous-to- faint ratio 
at z = 0.45 becomes ~ 0.65 ±0.11, which is not significantly 
different from the ratio obtained on the basis of the observed 
number of blue k±a galaxies. The number of newly accreted 
galaxies necessary to bring the expected luminous-to-faint 
ratio into agreement with the value measured at z ~ 0.45 is 
~ 100, much larger than the numbers measured for any of 
the haloes shown in Fig. |6l even when counting all galaxies 
down to the resolution limit of the simulation. 

The argument outlined in this section suggests that the 
observed number of k±a galaxies in cll232 is too low to 
account for the observed progressive build-up of the faint 
red-sequence galaxy population. C11232 is only one cluster, 
and we know that there is a large cluster-to-cluster varia- 
tion. The only other cluster for which we have as deep spec- 
troscopy at approximately the same redshift is clll38. As 
explained above, no spectroscopic member of this cluster is 
classified as post-starburst, so no new red galaxy addition to 
the faint end of the red-sequence is expected to pass through 
a k±a phase for this cluster. On the basis of available data 
then, k±a galaxies do not seem to play an important role in 
the building-up of the colour-magnitude relation of interme- 
diate redshift clusters. More data are necessary, however, to 
draw statistically robust conclusions. 



6 DISCUSSION AND CONCLUSIONS 

We present new spectroscopic observations for a cluster at 
intermediate redshift (cll232 at z=0.54). The cluster belongs 
to the sample studied by the ESQ Distant Cluster Survey 
(EDisCS) and the new data presented here extend the avail- 
able spectroscopy by about 1 magnitude. C11232 has a large 
fraction of passive galaxies, and exhibits a well defined and 
relatively tight colour-magnitude relation. Among its spec- 
troscopic members, we find six galaxies that can be classified 
as 'post-starburst' (k±a) systems, on the basis of the lack 
of significant emission and strong Balmer lines in absorp- 
tion. The EDisCS sample contains another cluster (clll38) 
at similar redshift that was originally targeted as a high- 
redshift {zcst ~ 0.8) cluster, and whose spectroscopy extends 
down to similar limiting magnitude as that obtained for 
cll232. C11138 is characterized by a significantly higher frac- 
tion of active galaxies and by a less populated (although still 
relatively tight) colour-magnitude relation. Among its spec- 
troscopic members, no galaxy shows signs of recent trunca- 
tion of star-formation history. At z ~ 0.5, cll232 and clll38 
are the only two clusters for which unbiased and complete 
spectroscopic samples are available down to 7(r = 1") ~ 23. 
The measured numbers of k±a galaxies are low (nominally 
zero for clll38), and the available data exclude a large pop- 
ulation of post-starburst galaxies at faint magnitudes. 



Post-starburst galaxies represent a class of galaxies in 
the process of transition from blue actively star-forming 
population to red quiescent galaxies. Therefore, they are 
of significant interest in constraining the physical processes 
driving the progressive build-up of the colour magnitude re- 
lation observed in our previous work, and later confirmed 
by independent studies using different data-sets. We recall 
that strong Balmer absorption lines appear when the star 
formation in a galaxy is switched off rapidly. Spectra with 
strong Balmer lines (> 5 A), require the truncation to be 
preceded by a short-lived starburst. K±a spectra with mod- 
erate Balmer line intensities, like most of those measured in 
our study, might represent post-starburst galaxies in a later 
evolutionary stage, but can also be produced by truncation 
of 'normal' star formation activity. Therefore, the data pre- 
sented here allow us to test one specific scenario in which 
new additions to the red-sequence are galaxies that have 
had their star-formation histories 'truncated' by the hostile 
cluster environment in their recent past. 

Through simple calculations, we have shown that the 
observed low numbers of k±a galaxies do not appear suffi- 
cient to account for the measured increase in the faint red- 
sequence galaxy population. This conclusion remains valid 
even when accounting for the infall of new galaxies onto the 
cluster, and adopting the very conservative assumption that 
these all migrate towards the faint-end of the red-sequence. 
These arguments are even stronger in the case of clll38, 
which does not contain any spectroscopic member with a 
k±a spectrum. Although they contribute at some level (and 
for some clusters) to the observed evolution of the faint red- 
sequence, post-starburst galaxies do not represent the main 
channel for the production of new faint red-sequence galax- 
ies at intermediate redshift. If this population does originate 
from the blue galaxies observed in distant clusters, as we 
speculated in our previous work, the 'quenching' of the star 
formation probably occurs on longer time-scales (i.e. it is 
not a truncation) or, alternatively, the signature of a post- 
starburst phase might be too weak to be detected in our 
spectroscopic sample with the adopted classification. 

In a recent study, IWild et all (120081 ) used a prmci- 
pal component analysis of the spectra from the VIMOS 
VLT Deep Survey (VVDS) to identify galaxies with strong 
Balmer absorption lines, and estimated that galaxies that 
have passed through a strong post-starburst phase account 
for ~ 40 per cent of the growth in the red-sequence at z < 1. 
A direct comparison with our results is, however, difficult: 
we focus on a restricted redshift interval and on the clus- 
ter environment, while the results of Wild et al. refer to the 
general 'field' red-sequence, and provide an estimate of the 
contribution of post-starburst galaxies to the red-sequence 
growth for z < 1. In addition, it is difficult to compare our 
simple classification of k±a galaxies based on the equivalent 
widths of the [Oil] and HC lines with the more sophisti- 
cated method adopted in IWild et al.l (|2008l ). We note also 
that 'pre-processing' happening in other environments (e.g. 
groups of galaxies infalling onto the cluster) could help to 
reconcile our results with those of Wild and collaborators. 

Our results are based on only two clusters with large 
differences in their spectral population, and we know that 
the fraction of post-st arburst galaxies can sh ow large cluster- 
to-cluster variations l|Poggianti et al.ll2009l ). Because of bad 
weather, our spectroscopic programme could not be com- 
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pleted, and the quality of our spectra is too low to per- 
form a detailed spectroscopic analysis. Higher quality spec- 
tra can be obtained at this redshift and for the magnitude 
range considered in this study. With these data, it might be 
possible to detect signs of recent star formation activity in 
galaxies that we have classified as 'passive'. It is clear that 
a larger sample of clusters with deeper spectroscopy would 
be needed to quantify the importance of the post-starburst 
phase in building-up the observed colour-magnitude relation 
in galaxy clusters. 
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